The NUOI subunit of the Rhodobacter capsulatus respiratory Complex I (equivalent to the bovine TYKY subunit) is required for proper assembly of the membraneous and peripheral domains of the enzyme Chevallet, M.; Dupuis, A.; Lunardi, J.; van Belzen, R.; Albracht, S.P.J.; Issartel, J.P.
. Comparison of the amino acid sequences of the R. capsulatus NuoI subunit and other equivalent subunits. Only the central part of the R. capsulatus protein from amino acids 50Ϫ130 has been selected for comparison. Invariant cysteine residues are in bold. Amino acids identical to those in R. capsulatus NuoI subunit are indicated (*). Alignment was performed using the clustal method with the PAM 250 weight table (Megalign software). Cysteine residues C64, C67, C70, and C113 are believed to be the ligands for one tetranuclear iron-sulfur cluster and C74S, with the three remote cysteines C103, C106, and C109, are the ligands for a second tetranuclear iron-sulfur cluster.
strategy to obtain some clues to the location and function of the by centrifugation at 25000 g for 15 min at the end of the exporedox cofactors in their specific subunits.
nential phase. Collected cells were suspended in one fifth of the Using a similar approach and in an attempt to identify the initial volume in buffer A consisting of 50 mM Hepes, pH 7.5, iron-sulfur cluster(s) located in the NuoI subunit (equivalent to 1 mM EDTA, 1 mM 2-mercaptoethanol, 2 µg/ml aprotinin, 1 µg/ the bovine TYKY subunit), we mutated the R. capsulatus nuo ml antipain, 1 µg/ml leupeptin, 1 µg/ml chymostatin, and 0.5 µg/ operon to generate a NuoI depleted mutant. NuoI point mutants ml pepstatin. Cells were then disrupted by passing through a cell were also created after replacement of Cys74 by a serine and disrupter (Constant Cell, Warwick, UK) at a pressure of 10 8 Pa. Ile104 by a valine. These two residues were selected for the Unbroken cells and large debris were eliminated by centrifugafollowing reasons : the C74 residue, whilst being located in the tion for 15 min at 25 000 g. Membranes were then pelleted by first group of cysteines, is believed to be the ligand, with three centrifugation of the supernatant (2 h at 230 000 g), resuspended other more remote cysteine residues, binding the second iron-in buffer A at a final concentration of 30Ϫ50 mg proteins/ml, sulfur cluster (Fig. 1) . In theory, mutation of this residue would and stored in liquid nitrogen before use. generate significant changes to the EPR signals of the two puta-EPR spectroscopy. X-band EPR measurements were obtively bound iron-sulfur clusters. In contrast, Ile104 is not ex-tained with an E-109 Varian EPR spectrometer equipped with pected to have a direct role in the binding of an iron-sulfur clus-an ESR900 Oxford Instrument cryostat. Reduction of the memter and so mutation of this residue is less likely to significantly brane samples, prepared as described above, was conducted acaffect the structure of the Fe-S clusters. Hence, mutation of the cording to the following conditions: 0.3 ml membrane suspenIle104 was used as a control in our mutagenesis experiments. sion in buffer A was preincubated with 60 mM fumarate and The NuoI-deleted and the C74S mutants were unexpectedly 0.4 mM thenoyltrifluoroacetone and 10 mM KCN at room temfound nearly completely depleted of the peripheral major sub-perature for 10 min in an EPR tube. NADH (10 mM final conunits. This loss of subunits was concomitant with the disappear-centration) was subsequently added and samples were frozen in ance of the Complex I-specific iron-sulfur clusters from the liquid nitrogen after a further 30-s incubation. Under these conplasma membranes. As a consequence, accurate assignment of ditions, the succinate dehydrogenase Fe-S clusters are kept oxiany iron-sulfur cluster to the NuoI subunit has been impaired. dised because of the presence of thenoyltrifluoroacetone and fuOur results clearly indicated, however, that proper assembly of marate, and the cytochrome-c oxidase CuA ion is kept reduced. the R. capsulatus Complex I strictly requires the presence of a As a consequence, the EPR signals corresponding to these comnative NuoI subunit.
ponents are almost undetectable. Generation of mutants. Plasmid constructions were performed following standard molecular biology protocols as de-MATERIALS AND METHODS scribed in Sambrook et al. (1989) . Suicide plasmid pPHU281 was a generous gift of P. Hübner (Hübner et al., 1993) . All the Bacterial growth and preparation of plasma membranes.
mutants presented in this study were constructed by replacement R. capsulatus wild-type B10 strain was used. All the derivatized of the nuoI gene directly in the bacterial genome. This replacestrains and mutants were grown at 30°C in RCV medium ment was performed by homologous recombination using a (Weaver et al., 1975) complemented with 30 mM sodium lactate BamHI fragment of the nuo operon that encompasses the region as a carbon source. For solid medium cultures, anaerobic confrom the nuoH gene to the 5′ end of the nuoL gene. This DNA ditions were generated in Mart anaerobiosis jars with the help fragment contains the following genes and unidentified reading of an H 2 /CO 2 producing chemical system (Generbox anaer, frames: nuoH, urf6, nuoI, urf7, nuoJ, nuoK and a small part of BioMérieux). Alternatively, anaerobiosis was maintained in lithe 5′ end of nuoL (Dupuis, 1992; Dupuis et al., 1995) (Fig. 2) . quid cultures by top-filling tubes with deaerated medium before DNA sequences are available in the GenBank database (accesgas-tight capping. Photosynthetic growing conditions were obsion number U25800). Modifications introduced in the cloned tained by keeping the cultures under permanent neon white light.
BamHI fragment to generate either nuoI-deleted mutant or nuoI Dark and aerobic growing conditions in liquid medium were point mutants are shown in Fig. 2 . conducted as usual in vigorously shaken flasks.
The ∆urf7 construct used to disrupt urf7, corresponded to an Growth kinetics were followed by measurement of the atteninsertion of the BamHI K1XX cassette into the Sau3AI site at uance of the cultures using a 2100N turbidimeter (Hach, Loveposition 2124. The ∆Cter nuoI plasmid was an intermediate conland, USA). For membrane preparations, cells were grown aerobically in the dark in RCV lactate medium and were harvested struction made to easily generate point mutants. It was obtained by making two specific deletions in ∆urf7 after religation of the fragment digested by HindIII and SmaI enzymes with the HindIII SmaI fragment of the K1XX cassette (Fig. 2) . This procedure led to a 3′ truncated nuoI gene and a knockout urf7. In can be easily achieved by inserting back the HindIII fragment inserted into R. capsulatus by heterologous conjugation. After a double containing the 3′ end of the nuoI gene. This fragment corre-cross-over which generates the expected double recombinant strain, the sponds to the piece of DNA located between the HindIII sites at resulting pPHU281 plasmid carrying a substituted insert can no longer position 1539 and position 1844 in the wild-type BamHI frag-replicate in the bacteria. After a single-cross-over, single recombinants ment. Reconstitution of the native nuoI gene into ∆Cter nuoI led exhibit both kanamycin and tetracycline resistance. They also contain to a construct in which only urf7 was disrupted. This construct two different copies of nuoI : a wild-type form and a mutated form. The main BamHI and EcoRI sites are indicated. The star (*) stands for a was used to generate a B10-derivatized strain called W1. Simipoint mutation. (B) Southern blot analysis of the wild-type and recombilarly, two point mutants of nuoI were generated by insertion into nant strains. 10 µg genomic DNA was digested with BamHI and EcoRI, the ∆Cter nuoI construct of a mutated HindIII fragment amplielectrophoresed on agarose gels, blotted onto nylon membranes, and fied by PCR. In these mutants Cys74 or Ile104 of the expressed probed with the 32P radiolabelled nuoI gene or K1XX cassette fragment.
NuoI subunit were changed. The TGC cysteine codon was Fragment sizes were estimated from HindIII digested λ marker. changed into a TCG serine codon to give mutant C74S. The ATC isoleucine codon was converted into a GTC valine codon to create the I104V mutant. When growing R. capsulatus point After construction and cloning, all the newly generated mumutants, harvested cells were checked by PCR and sequencing to confirm the absence of any revertant. tant constructs were thoroughly analyzed by sequencing using an ABI model 373A autosequencer. These constructs were then The ∆nuoI construct was designed to totally delete nuoI and was generated as follows: the W1 construct in pPHU281 vector introduced into R. capsulatus by heterologous conjugation following the procedure described by Simon et al. (1983) . When was cut at the unique StuI site at position 1671, digested by exonuclease III under limiting conditions, end blunted by present in R. capsulatus, the K1XX-modified BamHI insert and the plasmid vector have two different possible fates, as depicted nuclease S1 and Klenow treatment, and subsequently ligated. Ten different clones were analyzed by sequencing. One of them in Fig. 3 . Either the complete construct may insert into the bacterial chromosome after a single cross-over leading to single rewas selected and proved to contain a 733-bp deletion surrounding the StuI site. The resulting construct has the following fea-combinant cells or, the BamHI fragment may homologously recombine to the chromosomal BamHI fragment after a double tures. The nuoI gene was absent. Although shortened, the K1XX cassette still contained a fully active promoter. Urf7 remained cross-over leading to double recombinant cells. This latter possibility yields kanamycin-resistant and tetracycline-sensitive cells. deleted and the 3′ end of urf6 has been modified. At the level of the sequence of the urf6-encoded polypeptide, the ten last C-After conjugation, single and double recombinant strains were recovered by examining their ability to grow on kanamycin-conterminal amino acids of this putatively expressed polypeptide were deleted and replaced by a new extension of 25 amino acids. taining media. Double recombinants were selected subsequently by checking for their tetracycline sensitivity on replica plates. The corresponding R. capsulatus mutant was called ∆nuoI. nuoI complementation plasmid. A PCR fragment corre-ity, double recombination events were confirmed by Southern blots. Blots were probed with a fragment of DNA corresponding sponding to the whole nuoI gene was amplified with the help of two primers that included the start or the stop sequences. The either to the nuoI gene or to the kanamycin-resistant cassette (expectations were as follows: B10 should exhibit one 2383-bp forward primer included the ribosome-binding site upstream of the ATG start codon and a PstI site for cloning. The reverse BamHIϪEcoRI fragment hybridizing with the nuoI probe ; ∆nuoI should exhibit one 2700-bp BamHIϪEcoRI fragment hyprimer overlapped the stop codon and contained a BamHI site for cloning. The PCR fragment was inserted into the expression bridizing with the K1XX probe and W1, I104V, C74S should exhibit one 3400-bp BamHIϪEcoRI fragment hybridizing with plasmid pRK 415 under the control of the TetR promoter (Keen et al., 1988) . The presence of both the mutated nuoI chromo-both the K1XX and the nuoI probes). As shown in Fig. 3 , the sizes of the BamHIϪEcoRI DNA fragments, obtained after disomal gene and the wild-type nuoI gene in the plasmid was confirmed by PCR amplification and sequencing of the nuoI region gestion of the DNA, from the selected mutants that hybridized with the K1XX and nuoI probes were consistent with the theofrom the C74S.c complemented strain.
Generation of antibodies. Subunit-specific antibodies were retical expectations for double recombinants. Specific primers were used to amplify the mutated nuoI gene inserted in the geraised in rabbits against subunit-specific peptides cross-linked to BSA. The anti-NuoD, anti NuoE, and anti NuoF antibodies have nome of the recombinant strains and the resulting fragments were extensively sequenced. All the mutant constructs proved been raised against peptides that correspond to the N-terminus of the respective subunits (peptide NuoD : MDGDIRHNSYDD-accurate. GSEDC ; peptide NuoE: MLRRLHATQPDSC; peptide NuoF: MLNDHDRIFTNIYGMC). The anti-NuoC, anti-NuoI, and anti-Growth phenotypes. The ability of the strains to grow under various experimental conditions was checked. The wild-type NuoJ antibodies target the C-termini of their respective subunits (peptide NuoC: CSPWEGAQSVLPGDEKRS; peptide NuoI: strain R. capsulatus B10 as well as W1 and I104V strains were shown to grow at the same rate under photosynthetic and anaero-CEAEIARNIEMDAPYR ; peptide NuoJ: CAKALEMVDVKP-GQGL). In all cases, the cysteine residues at the end of the bic conditions (all doubling times in the range 90Ϫ100 min).
These observations confirmed that insertion of the K1XX caspeptides were additional residues added to allow cross-linking to N-ethylmaleimide-activated BSA (Pierce). Peptides were syn-sette into urf7 by double recombination did not affect the growth phenotype of the R. capsulatus W1 strain and that the mutation thesized on an Applied Biosystems model 432A peptide synthesizer and purified by HPLC before cross-linking. All antibodies Ile104→Val was not too deleterious. Contrary to this, both the ∆nuoI and C74S mutants were unable to grow under photosynwere used to detect the different Nuo proteins after electroblotting of cytoplasmic membrane fractions extracted from R. cap-thetic and anaerobic conditions. A similar photosynthetic negative phenotype was observed when the nuoH and nuoL genes sulatus cells and proved highly specific.
Miscellaneous methods. SDS/PAGE was performed accord-were individually disrupted in R. capsulatus as reported by Dupuis et al. (1997) . These observations have led to the assumption ing to Laemmli (1970) . Proteins were transferred onto polyvinylidene difluoride membranes and incubated with the specific that Complex I is responsible for a vital reversed flow transfer of reducing equivalents to NAD ϩ under anaerobic photosynthetic antibodies. Immunodetection was carried out using a peroxidase conjugated protein A (Bio-Rad) and a chemiluminescent detec-growing conditions . As mutated strains were checked by sequencing the nuoI gene (or the region betion system (ECL system, Amersham). Oxygraphic measurements were performed as reported by Dupuis et al. (1997) . tween urf6 and nuoJ in the case of ∆nuoI) and not by sequencing the whole nuo operon, it might be argued that additional mutaDeamino NADH-ferricyanide oxidoreductase activity, measured at 30°C, was followed at 420 nm using 1 mM K 3Fe(CN)6 tions spontaneously appeared in the other nuo genes and were responsible for the deficient phenotype. This was ruled out by (A 420 nm ϭ 1000 M Ϫ1 · cm Ϫ1 ). Protein concentrations were assayed by the bicinchoninic acid method, using BSA as stan-trans-complementing ∆nuoI and C74S strains with an expression plasmid carrying only the native nuoI gene. Complemented dard. Southern blot analysis was performed essentially as described by Dupuis et al. (1991) .
strains were called ∆nuoI.c and C74S.c. The photosynthetic phenotype was fully restored in the complemented ∆nuoI.c and C74S.c strains. This clearly indicated that ∆nuoI and C74S strains do not exhibit a deficient phenotype because of polar RESULTS effects or spontaneous mutations that might have occurred during the mutagenesis process and might have altered essential Generation and genotypic characterization of nuoI mutants. nuoI-deleted mutants and nuoI point mutants have been gener-genes apart from nuoI gene. The behaviour of the mutant I104V that we generated also pointed to the fact that although this isoated by gene substitution at the level of the R. capsulatus chromosome. This was achieved by homologous recombination be-leucine residue is highly conserved in different species (Fig. 1) its replacement by a valine residue did not affect the growth tween a recombinant BamHI fragment, bearing the altered nuoI gene (from nuoH to the 5′ end of nuoL), and its homologous phenotype. To a certain extent, this mutant also confirmed that our mutagenesis technique did not promote, by itself, any deletechromosomal region (Figs 2 and 3) . Previous experiments had shown that disruption of urf7, an unidentified reading frame lo-rious phenomena that could have explained the observed phenotype of the ∆nuoI and C74S strains. All the recombinant strains cated immediately downstream of the nuoI gene, did not change the phenotype of the resulting mutant (data not shown). We took were able to grow in the dark under aerobic conditions. Under these conditions, the B10, W1, I104V, ∆nuoI.c, and C74S.c advantage of this observation to set up a strategy to be able to replace the chromosomal nuoI gene by a fragment containing an strains all exhibited comparable growth rates (doubling times in the range 80Ϫ100 min). However, the growth rates of the ∆nuoI antibiotic-resistant cassette in the urf7 and a customized or mutated form of the nuoI gene. Such a strategy efficiently eased mutant (doubling time 160 min) and of the C74S mutant (doubling time 230 min) were significantly decreased. the screening of the mutants. Since urf7, which contains the kanamycin-resistant cassette, is located close to nuoI, the probability for the kanamycin-resistant strains to have concomitantly ac-Respiratory activities in the membrane samples. Subsequent experiments were performed to assess the effects of the mutaquired the mutated nuoI genes was high. After screening of the recombinants for kanamycin resistance and tetracycline sensitiv-tions on the enzymatic activities of the respiratory chain. NADH wild-type strain membranes ( Table 1 ). This result confirmed that insertion of the K1XX cassette into urf7 had no effect on the respiratory activity of the resulting W1 strain. Consequently, W1 contrast, the very low value of this ratio in the ∆nuoI and C74S could be taken as an appropriate wild-type reference strain. Conmutants confirmed that these mutant strains expressed a Comtrary to this, both the ∆nuoI and C74S strain membranes cataplex I-deficient respiratory chain. lysed NADH oxidation coupled with oxygen consumption at a very low rate. In these two types of membranes, NADH oxidase EPR detection of Complex I-specific iron-sulfur clusters in activity amounted to about 10% of the activity of the wild-type the different strains. EPR experiments were performed to demembranes ( Table 1) . Not only the NADH-dependent respiratect in the membrane samples the EPR detectable iron-sulfur tion but also the deamino NADH-ferricyanide oxidoreductase clusters that belong to Complex I. The iron-sulfur clusters in activity (this enzymatic activity is specifically supported by the Complex I were reduced by incubating the concentrated preparaperipheral arm of Complex I) of the membranes was nearly aboltions of membranes with NADH. Spectra were recorded at 15 K ished. These results pointed to the fact that both the ∆nuoI and or at 30 K to discriminate the [4Fe-4S] cluster N2 and the [2Fe-C74S mutant membranes contained neither a fully nor a partially 2S] cluster N1, respectively. N3 and N4 signals in the wild-type functional form of Complex I supporting a NADH oxidase activstrain membranes proved very difficult to observe under various ity uncoupled from the rest of the respiratory chain. On the other experimental conditions. As a consequence, it was very difficult hand, replacement of the Ile104 by a valine residue had only a to accurately determine whether these signals were altered in limited effect on the Complex I activity of the resulting mutant. the mutant strains. Cluster N1 was observed at 30 K and was Finally, NADH-dependent respiration was recovered up to 50Ϫ characterized as an axial cluster with g x,y ϭ 1.934 and gz ϭ2.02, 60% that of the wild-type strain in the complemented mutants typical for the cluster 1 in mitochondrial Complex I (Beinert and ∆nuoI.c and C74S.c. As shown also in Table 1 , the succinate Albracht, 1982) . The recorded spectra corresponding to the oxidase activity varied in the membrane preparations. Compara∆nuoI and C74S membranes clearly showed the absence of the ble activity was measured in the membranes of the B10, W1, N1 signal (Fig. 4) . At 15 K, the axial signal (g x,y ϭ 1.92, g z ϭ and I104V strains, while in the ∆nuoI and C74S mutants this 2.05), was assigned to cluster N2 as it looked similar to the activity was significantly enhanced. This enhancement in succicluster 2 in mitochondrial Complex I (Beinert and Albracht, nate oxidase activity was also reproducibly observed in other 1982). This signal was observed in the membrane preparations independent Complex I mutants of R. capsulatus (Dupuis et al., from W1 but was not detected in the membrane samples from 1997). This suggests that compensatory events involving respithe ∆nuoI and C74S strains (Fig. 4) . Hence, the EPR data clearly ratory Complex II take place in Complex I-deficient strains.
indicated that both the N1 and N2 clusters were not significantly Compensatory changes in the succinate dehydrogenase activity assembled at the level of the membranes in the two mutants were also observed in mitochondria isolated from patients suf∆nuoI and C74S. The line at g ϭ 1.89 is the g y line of the refering from Leber's hereditary optic neuropathy associated with duced Rieske Fe-S cluster. The faint line at g ϭ 1.93Ϫ1.94 in ND4 mutation (Majander et al., 1996) . In the ∆nuoI.c and the ∆nuoI and C74S membrane samples were ascribed to a con-C74S.c membranes the succinate oxidase activity returned to a taminant soluble [2Fe-2S] ferredoxin that can also be detected lower level, and, its activity was measured as being slightly bein cytosolic fractions. This line is present at both 15 K and 30 K, low that of controls ( Table 1) . The ratio of the NADH oxidase eliminating a possible contribution of cluster N2. activity versus the succinate oxidoreductase activity was calculated and taken as a phenotypic index of the respiratory chain in the membrane of the different strains ( Table 1 ). In the reference Nuo subunit content in the membranes. Immunochemical analysis has been performed to check whether the individual strains B10 and W1, the ratio amounted to about 1.1Ϫ1.2. In the I104V, ∆nuoI.c, and C74S.c strains, this ratio was in the subunits that compose Complex I were assembled in the cytoplasmic membranes of the different strains. We selected six difrange 0.8Ϫ1.0, i.e. close to the ratio of the reference strains. In obtained from the ∆nuoI and C74S strains contained significant amounts of NuoC, NuoD, NuoE, and NuoF subunits (data not shown). This might be taken as evidence that these subunits have been expressed but were unable to assemble with the membraneous part of the Complex I.
DISCUSSION
A lot of questions concerning the respiratory Complex I remain unsolved at the present time. For example, taking into account that bovine mitochondrial Complex I is built up by more than 40 dissimilar subunits and may contain at least five EPRdetectable iron-sulfur clusters (the so-called N1a, N1b, N2, N3, and N4 clusters) open questions concern the localization of these different redox centers to their respective subunits, the topography of all the subunits in Complex I, and their individual role. Half a dozen subunits share the status of cysteine-containing al., 1991) (Fig. 1) . These sequence motifs are well known in ferredoxins to be involved in the binding of two vicinal [4Fe-4S] clusters. Subunits highly similar to the bovine TYKY subunit, were also found in human , in N. ferent antibodies targetting the following subunits NuoC, NuoD, NuoE, NuoF, NuoI, and NuoJ. These subunits are respectively crassa (Duarte et al., 1996) , in Trypanosoma brucei (kinetoplast DNA-encoded subunit) (Souza et al., 1992) , in the cyanobactehomologous to the bovine 30-, 49-, 24-, and 51-kDa subunits that are parts of the extramembraneous complex (Belogrudov rium Synechocystis (Ellersiek and Steinmüller, 1992) , in plant mitochondria (nuclear-encoded subunit) (Schmidt-Bleek et al., and Hatefi, 1994; Takano et al., 1996) , to the 23-kDa subunits (TYKY subunit) and to the mitochondrial-encoded ND6 subunit. 1997), and in the bacteria R. capsulatus, P. denitrificans, E. coli, and T. thermophilus (Dupuis, 1992; Xu et al., 1993 ; Weidner et Western blots were performed with membrane samples prepared from the different R. capsulatus strains. As shown in Fig. 5 , the al., 1993; Yano et al. , 1997) . In R. capsulatus and E. coli, this subunit was called NuoI. It has been hypothesized that cluster intensities of the signals corresponding to all the targetted subunits in the membranes from the W1 strain are the same as those N2 is bound to the bovine TYKY subunit (or equivalent subunits in other species), but this assumption is waiting for experimental found in the B10 membranes. This result clearly indicated again that insertion of the K1XX cassette into the nuo operon had no support.
In an attempt to get more information about the role NuoI polar effect on the expression of Complex I. In particular, the insertion of this cassette into urf7 was without effect on the ex-plays in the R. capsulatus Complex I and to try to define which iron-sulfur cluster(s) is (are) bound to this subunit, we genetipression of the downstream nuoJ gene. It is worthwhile mentioning that the NuoI band usually appeared as a doublet. The same cally modified the R. capsulatus wild-type strain so as to generate a set of mutant strains in which the features of the original kind of doublet was also observed in the case of the individually overexpressed bovine TYKY or R. capsulatus NuoI subunits nuoI gene have been altered. Alterations consisted either in deletion of the whole nuoI gene, in missense mutations, or in com-(Dupuis, A., Issartel, J.-P. and Chevallet, M., unpublished results). This doublet is probably due to intramolecular in-gel oxi-plementation of the nuoI-modified operon. Mutations were inserted directly at the level of the R. capsulatus chromosomal dation events. The Nuo subunit pattern in the I104V membranes was also very similar to that of the B10 and W1 membranes DNA so that artifactual events that may happen when mutated genes are carried out by an expression plasmid, were limited. (Fig. 5) . In the C74S membranes, the total amount of NuoJ subunit was found to be comparable to that detected in B10 and The nuoI-deleted strain, called ∆nuoI, and the missense mutated strain, called C74S, in which serine was substituted for Cys74 W1. In the C74S membranes, unlike the B10 and W1 membranes, NuoC, NuoD, NuoE, and NuoF subunits were essentially were the two main mutants generated during this work. Based on data from the structure of the 2ϫ[4Fe-4S] bacterial ferredoxins not present although minor traces of NuoC and NuoE were detected. As for the NuoI subunit only a small amount was evident. (Cammack, 1992; Johnson, 1994) , it is assumed that Cys74, while part of the first cysteine cluster, may participate in the Quantitative estimations by Western blot analysis performed on a range of samples has led us to estimate that the total amount binding of the second iron-sulfur cubane. As a working hypothesis, we assumed that mutation of this residue should have imporof the NuoI subunit was no more than 20% of the amount found in the W1 strain. In the membranes from the ∆nuoI strain, the tant consequences on the existence and/or paramagnetic properties of the iron-sulfur clusters borne by NuoI and so to the EPR situation was clear-cut since all the targetted Nuo subunits were not detected, except NuoJ that was still present in a proportion spectra of the assembled Complex I. Other strains, W1 (an urf7 disrupted strain), I104V (Ile104 of nuoI was replaced by valine) similar to that observed in W1 (Fig. 5) . When the ∆nuoI strain was complemented by the NuoI-expressing plasmid, leading and ∆nuoI.c and C74S.c (two complemented strains) were used as control strains. The modified strains were generated by gene to the ∆nuoI.c strain, the normal Nuo pattern was recovered (Fig. 5) . The same result was observed with the C74S.c strain recombination and by trans-complementation based on the use of an expression plasmid. (data not shown). We also investigated the presence of the Complex I subunits in the cytoplasmic fractions by Western blot Both ∆nuoI and C74S mutants exhibited very similar phenotypes. Unlike the reference strains (B10 and W1), both of them analysis. Unlike the reference strains, the cytoplasmic fractions were totally unable to grow under photosynthetic and anaerobic of circa five putative transmembraneous domains can be deduced from its primary structure. Our results showed unambiguconditions. However, they both could grow with lactate as a substrate, in the dark and in the presence of oxygen, as B10 and ously that both the ∆nuoI and C74S mutant membranes were nearly completely depleted of the NuoC, NuoD, NuoE, and W1 reference strains did. Under such aerobic conditions, the ∆nuoI strain grew at a slightly slower rate than the reference NuoF subunits. These observations were taken as an evidence strains did and the C74S mutant grew even more slowly. Three that most of the matrix subunits were no longer assembled at different hypothesis may be put forward to explain the slow the level of the membranes. However, since nuoI mutant memgrowth phenotype of the C74S strain under these conditions. branes contained unaltered amounts of NuoJ subunit, as eviFirst, one can assume that the C74S NuoI subunit might have denced by the use of our specific anti-NuoJ antibody, we assume deleterious effects by itself when expressed in the cytoplasm. that the assembly of the membraneous Complex I subdomain Second, it can be hypothesized that because of an incorrect fold-was not disturbed by the alteration of the nuoI gene. Nevering, the C74S NuoI subunit is not properly assembled with the theless, one should keep in mind that a comprehensive analysis other NUO subunits and that a limited amount of membraneous of the subunit composition of the assembled membraneous doNuoI-depleted Complex I promotes toxic physiological effect at main of Complex I in the nuoI mutant membranes has so far the level of the membrane. Third, toxicity may be related to a been impaired because this membraneous domain is very diffilow amount of an abnormal Complex I containing the C74S cult to purify and because specific antibodies directed against NuoI subunit. The first hypothesis can apparently be dismissed the other hydrophobic membraneous proteins are not yet all since both the ∆nuoI.c and C74S.c strains exhibited nearly iden-available. tical phenotypes. This means that the putative stand-alone toxic
The presence of a limited amount of NuoI subunit in the effect of the C74S NuoI subunit was abolished in the C74S.c C74S membranes in the absence of NuoC, NuoD, NuoE, and strain, a strain in which the C74S NuoI subunit is still probably NuoF may be taken as an indication that NuoI is indeed able to expressed at a comparable level to that in the C74S strain. The bind directly to the membrane or to interact with the Complex I possibility that a partially assembled NuoI-depleted Complex I subdomain assembled in the membrane. Probable insertion of is toxic cannot fully explain the observed phenotype of the C74S the NuoI (or equivalent subunits) into the membrane has been mutant since the ∆nuoI strain, which expresses no NuoI subunit, postulated in two species : in E. coli, where the N-terminal part exhibits a nearly normal growth phenotype in the presence of of the subunit has been hypothesized to be a transmembraneous oxygen. So, the reduced growth rate of the C74S mutant under domain (Weidner et al., 1993) and in T. brucei, where both the aerobic conditions seems to be related to the presence in the hydrophobic N-and C-termini have been reported as putative membrane of a low amount of abnormal membraneous subdo-membrane-spanning domains (Souza et al., 1992) . Unlike these main of Complex I with bound C74S mutant NuoI subunit. This two proteins, the other NuoI homolog subunits do not exhibit conclusion has some coherence with the immunochemical data similar hydrophobic features. The possibility still remains howdiscussed below.
ever that NuoI might interact with the hydrophobic subunits that Cytoplasmic membranes from the ∆nuoI and C74S strains are part of the membraneous domain. In the C74S NuoI mutant, had poor NADH oxidizing activity and showed an absence of one can assume that the mutated NuoI subunit still has some the EPR signals corresponding to the Complex I-specific N1 and affinity for some membraneous anchoring proteins. However, N2 iron-sulfur clusters. Assembly of Complex I in both the the Cys74→Ser mutation greatly impairs the binding of the iron∆nuoI and the C74S mutants is so drastically altered that careful sulfur clusters and/or prevents the proper folding of a subdomain assignment of any specific cluster to the NuoI subunit remains of the NuoI subunit, which can no longer participate in the asimpossible by analysing these two mutants. However, the results sembly (or docking) of the catalytic matrix domain of Comreported here stress the fact that the NuoI cysteine Cys74 is a plex I. According to this scheme, we propose that NuoI is lovery critical residue of the protein and that NuoI plays a funda-cated at the junction between the membraneous domain and the mental role in the assembly process of the whole Complex I. matrix domain where it may play a critical role in the assembly This crucial role may be related to the fact that this cysteine is process between the two main parts of Complex I. This concluinvolved in the binding of one [4Fe-4S] cluster with three re-sion is consistent with the observation that ∆nuoI and C74S mote cysteines and consequently may greatly contribute to the strains contained significant amounts of free NuoC, NuoD, overall tertiary structure of the protein. Even if there are two NuoE, and NuoF subunits accumulating in their cytoplasms. Alclusters that form the N2 EPR signal in the NuoI subunit as ternatively, it can be hypothesized that the NuoC, NuoD, NuoE, proposed by one of us (Albracht and de Jong, 1997), Cys74 and NuoF subunits might have been released from the memappears vital as a ligand for one of the clusters and for the total brane during the preparation steps. This latter hypothesis, howstability of the mature protein, i.e. if one of the clusters is not ever, implicitly indicates that the C74S mutant NuoI subunit formed, then the other cluster is not stable as well. This in turn weakens the boundary forces between the membraneous and cyresults in the total destabilization of the peripheral part of Com-toplasmic domains of R. capsulatus Complex I. plex I.
This study demonstrates a physiological effect observed after The matrix and transmembraneous domains of Complex I an in vivo cysteine point mutation of a Complex I subunit. We are probably connected by an intermediate part containing a also described a powerful experimental approach to easily genernumber of specific subunits. Although the precise location of all ate R. capsulatus nuoI mutants. This strategy will now be exthe subunits to the major domains of Complex I has not yet ploited to mutate other amino acids of interest in the NuoI subbeen firmly established, our immunochemical analysis has given unit. some insights into the architecture of the different subunits in the recombinant strains. The 30-, 49-, 24-, and 51-kDa subunits, respectively equivalent to NuoC, NuoD, NuoE, and NuoF in the We thank T. Rabilloud and V. Procaccio for their assistance in immu-R. capsulatus system, are probably located in the peripheral part nochemistry and P. J. Harms for reading the manuscript. We also thank (Ragan, 1987; Belogrudov and Hatefi, 1994; Takano et al., A. Chapel and J. Garin for expert peptide synthesis, purification, and 1996; Guénebaut et al. , 1997) . The localisation of the 23 kDa coupling. We also wish to thank J. Gaillard and S. Foerster for their subunit is not known at present while the transmembraneous valuable help. This work was supported by grants from the EU Biotech program (BIO2-CT93-0364) and from the EPR Rhône-Alpes. location of the ND6 subunit is generally accepted since a total
